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ABSTRACT: An image analysis method is proposed for the monitoring of the regeneration of the
tibial bone. For this purpose, 130 digitized radiographs of 13 patients, who had undergone tib-
ial lengthening by the Ilizarov method, were studied. For each patient, 10 radiographs, taken at
an equal number of postoperative successive time moments, were available. Employing available
software, 3 Regions Of Interest (ROIs), corresponding to the: (a) upper, (b) central, and (c) lower
aspect of the gap, where bone regeneration was expected to occur, were determined on each radio-
graph. Employing custom developed algorithms: (i) a number of textural features were generated
from each of the ROIs, and (ii) a texture-feature based regression model was designed for the quan-
titative monitoring of the bone regeneration process. Statistically significant differences (p < 0.05)
were derived for the initial and the final textural features values, generated from the first and the last
postoperatively obtained radiographs, respectively. A quadratic polynomial regression equation fit-
ted data adequately (r2 = 0.9, p < 0.001). The suggested method may contribute to the monitoring
of the tibial bone regeneration process.
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1 Introduction
The Ilizarov method, based on the concept of “tension stress effect”, was introduced by Gabriel
Ilizarov. Distraction osteogenesis refers to the production of new bone between vascular bone
surfaces created by an osteotomy and separated by controlled and gradual distraction [1–4]. The
distraction histogenesis regards the regeneration of a series of tissue elements that involves both
the bone and the surrounding soft tissue such as periosteum, tendons, muscles, nerves, vessels and
skin [3, 4].
Texture, as a regional descriptor of a digital image, is associated with variations of grey level
intensities and their spatial distribution [5]. Texture analysis refers to algorithmic techniques devel-
oped to quantify the textural properties of an image [6, 7]. In the field of medical imaging, texture
analysis algorithms have been implemented for the extraction of quantitative diagnostic informa-
tion from images obtained employing different imaging modalities, and depicting various types of
human tissues [6, 8]. In previous studies performed by our group, the texture of radiographic hip
joint space has been employed for the grading and quantification of hip osteoarthritis severity [9–
12]. However, to the best of our knowledge, the utilization of texture analysis for the assessment
of bone regeneration process has not been reported.
In the present study, a computer-based image analysis method is proposed for monitoring,
quantitatively, the regeneration of the tibial bone, after tibial lengthening and bone transport by the
Ilizarov method. In this context: (i) textural features were generated from digitized radiographic
images of the tibial bone, and (ii) a textural features-based regression model was designed for the
quantitative monitoring of the postoperative regeneration process.
2 Materials and methods
2.1 Patients and radiographs
The sample comprised 130 radiographic images, corresponding to 13 patients, who had undergone
tibial lengthening according to the Ilizarov method. For each of them, 10 radiographic images of the
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Figure 1. (a) Radiographic image of the tibial bone, obtained after tibial lengthening by the Ilizarov method.
(b) Determination of the rectangular region, corresponding to the gap within which bone regeneration was
expected to occur. (c) Regions Of Interest of rectangular shape (dotted margins), corresponding to the upper,
central and lower aspects of the region of figure 1b.
tibial bone, taken at an equal number of successive postoperative time moments, were available.
All radiographs were obtained and subsequently digitized following a specific radiographic and
digitization protocol, respectively.
After radiographs digitization, a rectangular region, corresponding to the gap in which bone
regeneration was expected to occur, was determined on each postoperatively obtained radiograph
(see figure 1a and figure 1b), employing proper available software (Adobe Photoshop 6.0, Adobe
Systems Inc., San Jose, California, USA). Within this region, 3 Regions Of Interest (ROIs) were
further determined, corresponding to the portions of the (i) upper, (ii) central, and (iii) lower aspect
of the gap. As it can be observed in figure 1c, the central ROI was centered at the intersection point
of the main diagonals of the rectangular region of figure 1b. The upper and lower ROIs were placed
next to the horizontal edges of this region, while they were centered at points lying on a vertical
line, perpendicular to the horizontal sides, and passing through the intersection point of the main
diagonals of the rectangular region.
2.2 Generation of textural features
For the needs of the present study, a number of textural features, evaluating aspects of image pixel
intensity fluctuations were generated from each of the 3 determined ROIs. In particular, in the con-
text of a statistical texture analysis approach, pixel intensities (grey-level values) were considered
as discrete random variables [13]. Accordingly, the following textural features, representing statis-
tical moments of the first order histogram of each ROI image were calculated, employing custom
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developed algorithms in Matlab (The MathWorks Inc., Natick, USA):
f1 = ∑N−1i=0 zih(zi) (Mean value) (2.1)
f2 = ∑N−1i=0 (zi− f1)2h(zi) (Variance) (2.2)
f3 = ∑N−1i=0 (zi− f1)3h(zi) (Skewness) (2.3)
f4 = ∑N−1i=0 (zi− f1)4h(zi) (Kurtosis) (2.4)
where: zi is a random variable indicating image pixel intensity, h(z) is the histogram of the intensity
levels in the image, and N is the number of the possible intensity levels.
2.3 Monitoring of the bone regeneration process
In an effort to establish means for the quantitative monitoring of the postoperative bone regenera-
tion process, a regression model [14] was introduced. Referring to: (a) the total number of patients
of the sample, and (b) the ROI corresponding to the upper aspect of the region, within which bone
regeneration was expected to occur, the design of the model concerned the following steps:
(i) calculation, for each of the postoperative time moments, of the average of f1 feature values,
corresponding to the specific time moment (see table 1),
(ii) employment of the “Matlab Curve Fitting Toolbox” for the determination of a regression
equation, on the basis of the obtained average f1 feature values and the corresponding post-
operative time moments. As it can be observed from equation (2.5), a quadratic polynomial
regression equation described the model, which employed the (average value of the) f1 fea-
ture as the dependent variable and the postoperative time (t) as the independent one:
f1 =−3 ·10−6 · t2 +25 ·10−4 · t +0.0983 (2.5)
3 Results and discussion
Statistical analysis (Student’s paired t-test) revealed the existence of statistically significant differ-
ences (p < 0.001) between the initial and the final values of all the generated textural features, but
kurtosis. It has to be noted that the aforementioned terms “initial” and “final” refer to the values
of textural features, generated from the first and the last postoperatively obtained radiographs, re-
spectively. Referring to the f1 (mean value) and f2 (variance) features, the final values of them was
found significantly higher in comparison to their initial ones. Furthermore, as it can be observed
from figure 2 and figure 3, feature values were found to increase gradually with postoperative time.
The specific findings can be justified taking into consideration the following: the tibial length-
ening by the Ilizarov method induces the gradual growth (regeneration) of tibial bone [1–4]. As a
result, the absorption of the x-ray radiation by the gradually developed new bone is expected to be
increased for radiographs taken at successive postoperative time moments. Anatomical structures,
which cause high absorption, and thus increased attenuation of the x-ray radiation, are depicted on
digitized radiographic images as planar regions of increased intensity, comprising pixels of higher
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Figure 2. Gradual increase of the f1 textural feature values with postoperative time, for the upper (o), central
(+), and lower (*) Regions Of Interest.
Figure 3. Gradual increase of the f2 textural feature values with postoperative time, for the upper (o), central
(+), and lower (*) Regions Of Interest.
grey-level values [15]. Since both the mean value and the variance textural features are extracted
from ROIs where tibial regeneration takes place, the progressive increase of their values with post-
operative time seems reasonable.
In order to render possible the quantitative monitoring of the regeneration of the tibial bone,
a regression model was proposed. The model was designed so as to quantify the increase of the
f1 textural feature values, generated from the upper aspect of the region, where tibial bone regen-
eration occurs, as a function of postoperative time. A graphical representation of the regression
equation describing the model (see equation (2.5)) is depicted in figure 4. As it can be observed, a
regression curve fitted data adequately (r2 = 0.9, p < 0.001). The measured f1 feature values and
the corresponding ones predicted by the model of equation (2.5) are presented in table 1.
Statistical analysis revealed that the measured and the predicted values did not differ signif-
icantly (p > 0.05), while the correlation between them was strong and significant (r = 0.9, p <
0.001), a finding which may be considered as indicative of the reliability of the suggested approach.
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Figure 4. Scatter diagram and regression surface of the multiple regression analysis model for quantitative
estimation of osteoarthritis (OA) severity.
Table 1. Measured and predicted values of the f1 feature values.
Postoperative time Measured f1 Predicted f1











In conclusion, texture analysis of radiographic images of the tibial bone may provide diag-
nostic information, relevant to the regeneration of the aforementioned anatomical structure. The
proposed regression model may be of value for the quantitative monitoring of the bone regeneration
process, after the implementation of tibial lengthening by the Ilizarov method.
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